Cell-cell contact formation constitutes the first step in the emergence of multicellularity in evolution, thereby allowing the differentiation of specialized cell types. In metazoan development, cell-cell contact formation is thought to influence cell fate specification, and cell fate specification has been implicated in cell-cell contact formation. However, remarkably little is yet known about whether and how the interaction and feedback between cell-cell contact formation and cell fate specification affect development. Here we identify a positive feedback loop between cell-cell contact duration, morphogen signaling and mesendoderm cell fate specification during zebrafish gastrulation. We show that long lasting cellcell contacts enhance the competence of prechordal plate (ppl) progenitor cells to respond to Nodal signaling, required for proper ppl cell fate specification. We further show that Nodal signalling promotes ppl cell-cell contact duration, thereby generating an effective positive feedback loop between ppl cell-cell contact duration and cell fate specification. Finally, by using a combination of theoretical modeling and experimentation, we show that this feedback loop determines whether anterior axial mesendoderm cells become ppl progenitors or, instead, turn into endoderm progenitors. Our findings reveal that the gene regulatory networks leading to cell fate diversification within the developing embryo are controlled by the interdependent activities of cell-cell signaling and contact formation. In contrast to adult mammals, zebrafish can regenerate heart injuries via proliferation of cardiomyocytes in the wound border zone. Cell cycle re-entry of non-cycling cells can result in replication stress and thus DNA damage, a phenomenon that has been linked to failed homeostasis and regeneration of organ systems in aged mammals. Surprisingly, we found that a large fraction of proliferating cardiomyocytes in regenerating zebrafish hearts accumulate the phosphorylated histone variant H2a.x (gammaH2a.x), a marker of DNA damage. The temporal profile of DNA damage in cardiomyocytes closely follows that of cell cycle re-entry, while gammaH2a.x accumulation is not observed during physiological heart growth. EdU incorporation experiments show that virtually all cardiomyocytes that become gammaH2a.positive have entered the cell cycle. Thus, we hypothesize that cardiomyocytes experience replication stress during heart regeneration. Nevertheless, regeneration proceeds and cardiomyocytes can proliferate, implying that zebrafish hearts possess efficient mechanisms of alleviating genomic stress. Indeed we find that inhibition of DNA damage response pathways results in reduction of regenerative cardiomyocyte proliferation.
Cell-cell contact formation constitutes the first step in the emergence of multicellularity in evolution, thereby allowing the differentiation of specialized cell types. In metazoan development, cell-cell contact formation is thought to influence cell fate specification, and cell fate specification has been implicated in cell-cell contact formation. However, remarkably little is yet known about whether and how the interaction and feedback between cell-cell contact formation and cell fate specification affect development. Here we identify a positive feedback loop between cell-cell contact duration, morphogen signaling and mesendoderm cell fate specification during zebrafish gastrulation. We show that long lasting cellcell contacts enhance the competence of prechordal plate (ppl) progenitor cells to respond to Nodal signaling, required for proper ppl cell fate specification. We further show that Nodal signalling promotes ppl cell-cell contact duration, thereby generating an effective positive feedback loop between ppl cell-cell contact duration and cell fate specification. Finally, by using a combination of theoretical modeling and experimentation, we show that this feedback loop determines whether anterior axial mesendoderm cells become ppl progenitors or, instead, turn into endoderm progenitors. Our findings reveal that the gene regulatory networks leading to cell fate diversification within the developing embryo are controlled by the interdependent activities of cell-cell signaling and contact formation. In contrast to adult mammals, zebrafish can regenerate heart injuries via proliferation of cardiomyocytes in the wound border zone. Cell cycle re-entry of non-cycling cells can result in replication stress and thus DNA damage, a phenomenon that has been linked to failed homeostasis and regeneration of organ systems in aged mammals. Surprisingly, we found that a large fraction of proliferating cardiomyocytes in regenerating zebrafish hearts accumulate the phosphorylated histone variant H2a.x (gammaH2a.x), a marker of DNA damage. The temporal profile of DNA damage in cardiomyocytes closely follows that of cell cycle re-entry, while gammaH2a.x accumulation is not observed during physiological heart growth. EdU incorporation experiments show that virtually all cardiomyocytes that become gammaH2a.positive have entered the cell cycle. Thus, we hypothesize that cardiomyocytes experience replication stress during heart regeneration. Nevertheless, regeneration proceeds and cardiomyocytes can proliferate, implying that zebrafish hearts possess efficient mechanisms of alleviating genomic stress. Indeed we find that inhibition of DNA damage response pathways results in reduction of regenerative cardiomyocyte proliferation.
We have recently shown that BMP signaling is activated in cardiomyocytes at the wound border and that BMP signaling is required for heart regeneration by promoting cardiomyocyte proliferation. Since BMP signaling is not required for cardiomyocyte proliferation during physiological heart growth, it might regulate regeneration-specific cellular processes in cardiomyocytes, which are prerequisites for proliferation. Intriguingly, we found that inhibition of BMP signaling increases the number of gammaH2a.x positive cardiomyocytes, while pathway overactivation alleviates DNA damage, suggesting that BMP signaling is required for protection from replication stress or repair of DNA damage.
Our results surprisingly indicate that the elevated heart regenerative capacity of zebrafish depends on efficient means to deal with replication stress and DNA damage, which are thought to impair organ regeneration in aged mammals. The rapid advancement of light-sheet microscopy and computational methods for analyzing complex image data sets has provided an unprecedented opportunity to systematically study the development and morphogenesis of numerous organisms and tissue systems at the cellular level. In particular, early mouse embryogenesis has presented a unique challenge for conventional live imaging techniques due in part to its sensitive growth requirements, dramatic changes in size and tissue morphology, rapid cell movements, and complex optical properties. Because of these challenges, relatively little is known about the morphodynamic processes that attend gastrulation through to organogenesis, or how the order and migration of cells within the developing germ layers correspond with their fate. To address these questions, we have developed a light-sheet system capable of continuously imaging mouse development from pre-gastrulation to early somite stages with minimal impact on normal development. Our system enables us to capture the entire developing mouse embryo from multiple views with high spatiotemporal resolution, and combines adaptive optics with an automated control framework to provide real-time tracking and focusing to maintain cellular level resolution with minimal light exposure. We furthermore designed a custom computational pipeline that enables multi-view processing, visualization, cell tracking and cell fate reconstruction for the terabytes of data that result from each experiment. Using these tools we are able to follow the dynamic behaviors of both individual cells and populations among the different germ layers, and visualize the large-scale morphodynamic events that pattern different tissues. From this, we have generated the first dynamic, lineage-based fate maps of the developing mouse embryo over the course of two days from gastrulation to early organogenesis. These advances have enabled us to analyze these processes in unprecedented detail, offering new insights into this critical, yet poorly characterized area of mammalian development.
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